Circumstantial support for this idea arose from studies of Triton shells, the proteinaceous remains of detergent-treated ghosts. Early reports (6) (7) (8) indicated that these cytoskeletal shells retain the shape of the cell from which they are derived (discocytic, elliptocytic, irreversibly sickled), suggesting that they possess a long-term morphological memory .
Subsequent work by Sheetz, Birchmeier, and Singer (9, 10) provided further support for the idea that the cytoskeleton controls red cell shape, and suggested how ATP depletion leads to crenation. They proposed that metabolic control of the cytoskeleton is exerted through the phosphorylation and dephosphorylation of the 3-subunit of the protein spectrin. This assertion was supported by Pinder et al. (11) who found that the viscosity of crude mixtures of spectrin and other cytoskeletal components varies with the degree of spectrin phosphorylation . ATP depletion would lead to spectrin dephosphorylation, which was thought to rearrange the cytoskeleton and contract the inner monolayer (10) . The resulting bilayer imbalance would force the cell to crenate.
This hypothesis was largely confuted by three observations. First, «-adrenergic stimulation increases spectrin phosphorylation without detectable morphological consequences (12) . Second, much ofthe spectrin kinase activity of ghosts can be extracted or inhibited without altering their capacity to become discoid (13, 14) . Finally, if spectrin dephosphorylation were to cause metabolic crenation, it should either precede the shape change or occur concurrently . Anderson and Tyler (15) showed that in intact cells, spectrin dephosphorylation lags behind metabolic crenation . These observations all show that there is no simple relationship between spectrin phosphorylation and cell shape . Indeed, it has yet to be demonstrated that spectrin phosphorylation has any functional consequences (15, 16) .
Recently Lange and co-workers (17, 18) have found that Triton shells do not always echo the shape ofthe parent cell. These workers concluded that the cytoskeleton probably does not control cell shape. Rather, previously noted similarities between cells and Triton shells could reflect the tendency of the cytoskeletal reticulum to conform (with short-term elasticity and long-term plasticity) to the shape dictated by the lipid bilayer .
In 1975, Allan and Michell (19) found elevated levels of diacylglycerol in echinocytes formed by either metabolic depletion or calcium loading. They proposed that this lipid triggers crenation, and that its fusogenic activity induces the membrane budding (microvesiculation) observed subsequent to crenation . Later, they and their co-workers showed that calcium loading activates a phospholipase C, which degrades phosphatidylinositol-4-phosphate and phosphatidylinositol-4,5-bisphosphate. In ATP-replete cells, the resulting diacylglycerol is quickly phosphorylated to yield phosphatidic acid, while crenation proceeds (20) . This observation negated the hypothesis that diacylglycerol accumulation per se causes crenation, but left open the possibility that related processes might be involved in morphology changes .
In this report, we examine inositide metabolism during both metabolic crenation and its reversal . Our findings support the conclusion that metabolic crenation is caused by lipid bilayer imbalance secondary to the loss of phosphatidylinositol-4,5-bisphosphate and phosphatidic acid from the inner monolayer of the cell membrane.
MATERIALS AND METHODS
Human erythrocytes were obtained by venipuncture, pelleted by centrifugation, and washed three times with 4 vol of 150 mM NaCI and once with 138 mM NaCI, 5 mM KCI, 6 .1 mM Na2HP04, 1 .4 mM NaH2PO4, I MM MgS04, 5 mM glucose, pH 7 .4 (NaCI/P;) . Cells were used within 6 h of being drawn. All of the incubations described below were carried out at 37°C, hematocrit 20, in capped plastic tubes .
Prelabeling Cells with

32P
Erythrocytes were labeled with`P by incubation for 18-30 h with NaCI/P; supplemented with 10 mM inosine, 1 mM adenosine, and an additional 5 mM glucose (supplemented NaCI/PJ . The suspension medium contained antibiotics to retard bacterial growth (penicillin G, 100 ug/ml, plus either streptomycin, 100 ug/ml, or tobramycin, 40 ug/ml) and -25 uCi/ml [32 P]H3 PO4 (ICN Nutritional Biochemicals, Cleveland, OH, carrier-free). In one experiment, supplemented NaCI/P; was replaced with NaCI/P;, to which 10 mM glucose was added every 7-8 h . This protocol maintained ATP levels less well than the first procedure, but the results of the experiment were otherwise similar to the results of a duplicate experiment using supplemented NaCI/P; . Incubations of this length allowed equilibration of ATP, phosphatidylinositol-4-phosphate, and phosphatidylinositol-4,5-bisphosphate (but not phosphatidic acid) with the radiolabeled phosphate.
Metabolic Depletion and Repletion
Metabolic depletion was initiated by one of two procedures. (a) Slow ATP depletion : " P-labeled cells were pelleted, washed once in 4 vol of 150 mM NaCl, and resuspended in 140 mM NaCl, 10 mM HEPES, pH 7 .4, plus penicillin G (100 ug/ml) and tobramycin (40 ug/ml) . This treatment induces ATP depletion and crenation with half-times of^-12 and 34 h, respectively . (b) Rapid ATP depletion : 32P-labeled cells were pelleted, washed three times in 4 vol of 150 mM NaCl, and resuspended in 140 mM NaCl, 10 mM HEPES, 10 mM inosine, 6 mM iodoacetamide, pH 7 .4 . In this medium, cells deplete their ATP within I h, and crenation follows rapidly (21) .
The reversal of metabolic crenation was examined in echinocytes produced by procedure a. The echinocytes were pelleted, washed once in NaCI/P;, and resuspended in supplemented NaCl/[ 32 P]P ;, a portion of which had been used in the prelabeling phase of the experiment .
Assay Procedures
MORPHOLOGY : Erythrocytes were diluted to hematocrit 5 and fixed in 150 mM NaCl containing 0 .5% glutaraldehyde (Sigma Chemical Co., St . Louis, MO) for 5 min, which precludes the "glass effect" (22) . Cell samples were then examined by bright field microscopy with oblique illumination, a procedure that makes the cell image appear three dimensional (23) . Some cell samples were placed on Nuclepore filters (Pleasanton, CA), freeze-dried, sputter-coated, and examined by scanning electron microscopy . Echinocytes were assigned a morphology score of 1-5 based on Bessis's nomenclature for echinocytes and spheroechinocytes (22) . Discocytes were assigned a score of 0, and stage I stomatocytes, observed in a few fields, were assigned a score of -I . The average score for a field of 100 cells was called its morphological index (MI) .'
A TP :
Frozen aliquots of cell suspension (50 ul) were diluted in 2 .45 ml of 150 mM NaCl, boiled for 15 min, and centrifuged to clarity . The supernatant (diluted 1 :10 or undiluted) was assayed for ATP by the luciferin-luciferase (Calbiochem-Behring Corp ., San Diego, CA) method (24) .
L I PI D S : Frozen aliquots of cell suspension (100 ul) were lysed in I ml cold 10 mM Tris/2 mM EDTA, pH 7 .5, to prevent hydrolysis of radiolabeled lipids (25, 26) . Samples were centrifuged for 5 min at 8,800 g, and the pellets were washed once in Tris/EDTA . The entire ghost pellet was extracted with 100 :50 :1 (vol/vol) methanol/chloroform/concentrated HCI (1 .8 ml) followed by water (0 .6 ml) and chloroform (0.6 ml) . The organic phase was reserved and the aqueous phase extracted again with 1 .2 ml chloroform . The organic phases were combined, dried under a stream of nitrogen, and dissolved in two 10-u1 portions of chloroform . Lipids were separated by thin-layer chromatography (TLC) on 2 .5 x 10-cm plates in two solvent systems. (Fig . 1 a) , and quantified by liquid scintillation counting of scraped spots.
Lipid phosphorus in phosphatidylinositol-4-phosphate and phosphatidylinositol-4,5-bisphosphate and total lipid phosphate were determined by a small scale adaptation of the spectrophotometric method of Bartlett, corrected for silica background (27) . No one-dimensional TLC system tested separated phosphatidylinositol and phosphatidic acid from the major phospholipids well enough to allow accurate phosphate determinations . This separation was accomplished by two-dimensional TLC on 10 x 10 cm Silica Gel HL (Analtech) plates . The solvent systems used were 65 :25 :5 (vol/vol) chloroform/methanol/ concentrated NH 3 followed by 65 :50 :5 (vol/vol) chloroform/methanol/acetic acid to separate phosphatidylinositol ( Fig . 16 ), and 60 :30 :6 (vol/vol) chloroform : methanol :concentrated NH 3 followed by 60:10 :6 (vol/vol) chloroform/ methanol/acetic acid to separate phosphatidic acid (Fig . 1 c) . Both two-dimensional systems also afforded good separation of the major phospholipids.
RESULTS
Lipids were extracted from fresh human erythrocytes and the molar percentages of each phospholipid class were measured by phosphate assay. Table I summarizes the results of 6 onedimensional and 24 two-dimensional TLC separations. The proportions of the major phospholipids agree well with previously reported values (28, 29) except for phosphatidylinositol-4,5-bisphosphate ; whereas Allan and Michell found 0.4 'Abbreviations used in this paper. MI, morphological index ; TLC, thin layer chromatography. ± 0 .07%, we find 1 .4 ± 0 .3% . It is possible that their lower value reflects partial hydrolysis during their more extensive lysis and washing procedures (28) .
As has been reported (28) , red cells incubated with
[32p]_ P04 and nutrients incorporated detectable radiolabel into phosphatidylinositol-4-phosphate, phosphatidylinositol-4,5-bisphosphate, and phosphatidic acid, but not into other phospholipids (Fig. 1 a) . The radiolabel equilibrated with phosphatidylinositol-4-phosphate and phosphatidylinositol-4,5-bisphosphate in 15-25 h, approximately the time scale on which it equilibrates with ATP (15, 30) . In contrast, phosphatidic acid equilibrated more slowly, with [3z P]phosphatidic acid increasing steadily through 50 h of incubation even as ATP levels fell to a few percent of normal . This indicates that phosphatidic acid turnover is slow and that the diacylglycerol kinase remains active even at very low ATP levels. The ratio of [3zP]phosphatidylinositol-4,5-bisphosphate to [ 32 P]phosphatidylinositol-4-phosphate fell somewhat during the prelabeling, indicating that the 5-phosphate equilibrates more rapidly than the 4-phosphate, in agreement with a previous report (31) . The amounts of radiolabel incorporated into phosphatidylinositol-4,5-bisphosphate and phosphatidylinositol-4-phosphate at equilibrium indicate a molar ratio of 1 .8 ± 0.3 (assuming two exchangeable phosphates per phosphatidylinositol-4,5-bisphosphate molecule and one per phosphatidylinositol-4-phosphate), in good agreement with the ratio obtained by phosphate assay (1 .5 ± 0 .4) .
Slow Metabolic Crenation
Erythrocytes labeled with 3zP were allowed to deplete their ATP slowly . After a lag of~15 h, the cells began to crenate, leveling off at a morphological index of +3 after 45 h of incubation (Figs. 2 and 3) . This shape change coincided with a 70% decrease in phosphatidylinositol-4,5-bisphosphate (Fig.  3h) . Phosphatidylinositol-4-phosphate levels did not change significantly .
In separate experiments, unlabeled erythrocytes were allowed to deplete their ATP and their levels of phosphatidyl-1994 THE JOURNAL OF CELL BIOLOGY " VOLUME 98, 1984 inositol and phosphatidic acid were measured . After a lag, crenation proceeded at the same rate and to the same extent as for radiolabeled cells . The level of phosphatidylinositol nearly doubled, with its increase mirroring the previously noted drop in phosphatidylinositol-4,5-bisphosphate (Fig.  3 b) . Phosphatidic acid levels dropped by -20%, accompanied by a qualitative increase in diacylglycerol . No changes in the levels of sphingomyelin, phosphatidylcholine, phosphatidylserine, phosphatidylethanolamine, lysophosphatidylcholine, or lysophosphatidylethanolamine were detected.
Recovery of the Discoid Shape
At two points during slow crenation, cells were pelleted, washed, and resuspended in supplemented NaCl/[ 3z P]P;. After ) and phosphatidylinositol-4-phosphate fell only slightly (0). These data were taken from three experiments : one to assay ATP (0), shape (O), and radiolabeled phosphatidylinositol-4-phosphate (" ) and phosphatidylinositol-4,5-bisphosphate (O) ; one to assay shape and phosphatidylinositol (A); and one to assay shape and phosphatidic acid (p) . The zero time-point was taken to be the beginning of ATP depletion in the first experiment . In the other two experiments, the shape changes occurred at similar rates and to similar extents, but with somewhat different lag times, To facilitate comparison, the time scales for the latter experiments were shifted so that the shape 33 h of depletion, this nutrient supplementation allowed the cells to regenerate -20% of their ATP (Fig. 4a) . Subsequently, the echinocytes (MI = +1.7) converted to discocytes and a few stage I stomatocytes (Fig. 4a) . This shape recovery was accompanied by an increase in phosphatidylinositol-4,5-bisphosphate levels from -85% to 125% of normal, and a decrease in phosphatidylinositol-4-phosphate (Fig. 46) . There was no detectable change in phosphatidic acid levels. A second nutrient supplementation was begun after 46 h of metabolic depletion .
[ATP] rose more slowly and leveled off at 6% of normal (Fig. 4c) , which was sufficient to allow the cells to revert from MI = +2 .9 to MI = +0.4. The shape recovery began -30 min after the nutrients were added and leveled off after 3-4 h . After a similar time lag, phosphatidylinositol-4,5-bisphosphate levels rose to^,80% of normal at 2 h (Fig. 4d) . This increase was accompanied by an increase in phosphatidic acid to normal levels, and a decrease in phosphatidylinositol-4-phosphate levels.
Rapid Metabolic Crenation
Radiolabeled cells treated with inosine and iodoacetamide depleted their ATP in -1 h . As shown in Fig. 5 , a decrease in phosphatidylinositol-4,5-bisphosphate once again coincided with crenation. Both the shape change (AMI = +2) and the decrease in phosphatidylinositol-4,5-bisphosphate (40%) were changes from all three corresponded . In Figs . 3-5 , the data shown for the radiolabeled phospholipids were calculated by converting ' Z P counts to moles of lipid (determined by phosphate assay), and then to percentage of total cell phospholipid . smaller than those observed in slow metabolic crenation, and both leveled off at -8 h. Phosphatidic acid levels fell slightly, and phosphatidylinositol-4-phosphate levels appeared to remain constant . Fig. 6 summarizes the known metabolic pathways of phosphatidic acid and the inositides in human erythrocytes . At least two pairs ofkinases and phosphatases interconvert phosphatidylinositol, phosphatidylinositol-4-phosphate, and phosphatidylinositol-4,5-bisphosphate (26, 31) , and another pair interconverts diacylglycerol and phosphatidic acid (32, 33) . In addition, both phosphatidylinositol-4-phosphate and phosphatidylinositol-4,5-bis-phosphate can be hydrolyzed to diacylglycerol by a Ca"-dependent phospholipase C (28) .
The absolute amount of phosphatidylinositol-4,5-bisphosphate degraded during slow metabolic depletion corresponds closely to the amount of phosphatidylinositol formed (Fig. 3) , suggesting that phosphatidylinositol-4,5-bisphosphate is degraded by phosphomonesterases. This conclusion is supported by the previous demonstration that metabolic depletion engenders smaller increases in intracellular Ca" (<1 pM) than the 100 pM required to activate the phospholipase C (34). Phosphatidylinositol-4-phosphate levels do not change, indicating that either the phosphatidylinositol-4,5-bisphosphate phosphatase and phosphatidylinositol-4-phosphate phosphatase operate at similar rates, or that phosphatidylinositol-4,5-bisphosphate is degraded to phosphatidylinositol by a route that does not involve phosphatidylinositol-4-phosphate (for example, conversion of phosphatidylinositol-4,5-bisphosphate to phosphatidylinositol-5-phosphate, followed by its rapid degradation to phosphatidylinositol) . Slow crenation was also accompanied by a small decrease in phosphatidic acid, implying conversion to diacylglycerol via phosphatidic acid phosphatase . Rapid ATP depletion effected more rapid and less extensive lipid degradation (Fig. 5) , as well as a more rapid and less extensive shape change.
The lipid metabolism accompanying crenation appeared to be more or less reversed during shape recovery. Phosphatidic acid was restored to normal levels, and phosphatidylinositol-4,5-bisphosphate was restored to 125% (Fig. 4b) and 80% (Fig. 4d) absolute terms, implying that some phosphorylation of phosphatidylinositol was also taking place. During both slow and rapid metabolic depletion, lipid changes paralleled the cell shape changes. During repletion, the shape recovery lagged perhaps 30-60 min behind lipid phosphorylation, still a close temporal association . The correlation between crenation and inositide breakdown also holds for the extremely rapid crenation induced by calcium loading . Allan and Thomas (20) These results demonstrate that phosphatidylinositol-4,5-bisphosphate (and perhaps phosphatidic acid) is degraded or synthesized concomitantly with five shape changes whose characteristic times vary over three orders of magnitude (Table II). It is improbable that these associations are fortuitous, suggesting a causative link between lipid dephosphorylation and crenation . Further, inositide breakdown appears to mediate both metabolic crenation and Ca 
Lipid Changes and Bilayer Imbalance
Phosphatidylinositol-4,5-bisphosphate is thought to reside exclusively in the inner monolayer of the red cell membrane . It is highly polar and should flip-flop only very slowly. During crenation, phosphatidylinositol-4,5-bisphosphate is converted to phosphatidylinositol, which has a smaller, less highly charged headgroup . Thus, breakdown of phosphatidylinositol-4,5-bisphosphate would be expected to shrink the inner monolayer, even assuming that phosphatidylinositol, like phosphatidylinositol-4,5-bisphosphate, does not flip-flop. We can estimate roughly the amount of inner monolayer contraction this change should produce .
The concentration of phospholipids in packed red cells is 3.6 mM (35) . Assuming a red cell volume of 88 fl, this concentration corresponds to 1 .9 x 108 phospholipid molecules per cell, of which 1.4% or 2.7 x 106 molecules per cell are phosphatidylinositol-4,5-bisphosphate . About 70% of these, 1 .9 x 106 molecules per cell, are degraded to phosphatidylinositol during slow metabolic crenation.
The membrane surface area normally occupied by a molecule of phosphatidylinositol-4,5-bisphosphate has not been measured. Based on x-ray diffraction studies of phosphatidyl- (36) and molecular models, we estimate that phosphatidylinositol-4,5-bisphosphate occupies -0.6-0.9 nm2 per molecule, with phosphatidylinositol -0.25 nm2 smaller. Thus, the conversion of 1 .9 x 106 molecules ofphosphatidylinositol-4,5-bisphosphate to phosphatidylinositol would entail the loss of -0.48 ßm2 of inner monolayer surface area. Taking the surface area of an erythrocyte to be 140 Nm 2 , this is a 0.33% contraction. A larger contraction would result if some of the newly formed phosphatidylinositol flip-flopped to the outer monolayer .
The small amounts of phosphatidic acid converted to diacylglycerol during metabolic crenation should also contribute to the contraction of the inner monolayer. Assuming that the diacylglycerol flip-flops rapidly (37) and distributes evenly between the monolayers, a 20% decrease in phosphatidic acid levels should produce a 0.32% contraction of the inner monolayer. In total, the conversion of phosphatidylinositol-4,5-bisphosphate to phosphatidylinositol and phosphatidic acid to diacylglycerol during slow metabolic depletion would be expected to shrink the inner monolayer by 0.65% . This estimate, while approximate, agrees well with both theoretical and experimental estimates of the bilayer imbalance needed to produce stage 3 echinocytes . An early report of inner and outer monolayer surface areas calculated from geometrical models predicted that a shift in the bilayer balance of0.4% should convert discocytes to stage 3 echinocytes (38) . Further calculations (Ferrell, J. E., K. J. Lee, and W. H. Huestis, manuscript in preparation) and a recent experimental study (39) suggest that -1 .2% expansion of the outer monolayer is necessary to produce this degree of shape change.
It is possible that phosphatidylinositol-4,5-bisphosphate plays some role in regulating red cell shape beyond its mere occupancy of inner monolayer area. Inositides, and phosphatidylinositol-4,5-bisphosphate in particular, bind avidly to certain proteins. Disappearance of phosphatidylinositol-4,5-bisphosphate from the inner monolayer might eject some protein from the membrane and thus contract the inner monolayer . Alternatively, these lipids could be involved in some process that influences cell shape independently of the bilayer balance . Inositides are thought to alter the lateral mobility of membrane proteins through their interactions with the cytoskeleton (40) . Such interactions might also be related to cell shape, although we agree with the assessment of Lange and co-workers (18) that there is no convincing evidence linking cytoskeletal properties to cell shape .
Relationship to Shape Changes in Ghosts
When human erythrocytes are lysed in Tris buffer and resuspended in isotonic saline containing 1 mM MgATP at 0°C, they first crenate, then slowly recover their discoid shape (10) , and eventually become stomatocytic . Several proposals have been made to explain ghost shape changes, some invoking rearrangements of the cytoskeleton (10, 41) .
Unless Ca" is rigorously excluded, erythrocyte lysis is accompanied by breakdown of inositides and phosphatidic acid (26) . This observation suggests that Tris lysis produces ghosts that are deficient in inner monolayer phospholipids, which could explain why they crenate at normal ionic strength . The recovery of the normal discoid shape upon incubation with MgATP could arise from resynthesis of the degraded lipids. The work of Fairbanks et al. (13) sitol-4,5-bisphosphate might be the key event in this recovery.' Agents that produce crenation-resistant ghosts (17) might inhibit the degradation of phosphatidic acid or inositides, or might accelerate their resynthesis .
Relationship to Shape Changes in Platelets
The physiological roles of inositide metabolism and crenation in erythrocytes are not yet evident. However, they could be related to apparently similar phenomena that occur during platelet activation (42) . Both cells change from smooth disks to spiculate spheres in response to Ca" loading. Platelets change shape in response to other stimuli as well, including platelet activating factor, a hydrophilic lecithin derivative that would be expected to cause rapid crenation in erythrocytes . In some cases, platelet activation has been correlated with the degradation of phosphatidylinositol-4-phosphate and phosphatidylinositol-4,5-bisphosphate . Both platelets and erythrocytes undergo their shape changes when unfixed cells are placed between a glass microscope slide and coverslip (unpublished observation) . Finally, erythrocytes and platelets are derived from a common stem cell, and have similar phospholipid compositions and asymmetries (43) . These similarities suggest that a common mechanism might underlie erythrocyte and platelet shape changes. Preliminary experiments in this laboratory suggest that platelet shape is governed by bilayer balance, and that agents that change platelet shape do so by disrupting this balance, either by physical intercalation or by inducing inositide breakdown .
